BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

22 PIN-12 NVIDIDNIN
NOTINN YWTND NOVNPIN
MNDN NOTIND NPONNN

12-105 9901 VPN
2012 981929 — YSNIN N7YT

D972 NN — MINVIN V79N

021791413 nu7x 'vN :0'wan
039685268 N7

7 'ax "9 n'nan
NY'OWU AN T
NnNnn NOTIA7 np'7nnn
JI"NIA |2 NV'ONANIN



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

aRrle

DD 2AVNHN PNIONT 1IN POV IMNVIX VDT NIY NON H9I1DN MINN PON N NT VP
DO PN DIV 1IN NP NIIWN PIDNA PO TP NPN VPO NIVNY . JOVLN NIY

LONT N HY N NnTHn
VI ,NNVPN NOWN NI, MY NMDIYNNI NPDIDA DTN AWNN 1PPHNN NN NIPAN NN

09 TN (Gyroscope) MO MPNN NYHAN [ (Accelerometer) NP NXINN NW»N (GPS)

DNPN NNIAND DI DY PIND NN ON NIIWNN DY DN NIV DI9DINOLN XND TN 198N
LD MO™MIN

MIAPYI OXTN OOTHIND MIXNN NPYIA NTTI NYA DXNDY NNMIND DY NYNI MIAD IPO NyNa
NIND TN, MININD 90N DINMP 1D IR DN NNIAND DIIPPN MNINL 1D D NN
SYW NYDT NYXI DY DO NPNY 9137 1T NN YD NIANN TINN .NDN DIV DNDIV 1IN IDVNHN
DODNN DXVIN NNYA NWY) MY A5V .NIPIAN NN NN YNNI DIPRY DIYIN) N - AWNN NN
Sy YT PIN P2 NPNIAN VPINNAY YWY MYOITI MIAVYNNN XTD TIM NIPAM MNIDVN DINNA

.DYPXADN NVILY INYIY 190N

MY YOOLY DIRNNY NIPAN NOWN DY ATV NN NN NI NTIIYN NMIRY TIPOYN 100N
POYY NNT YOOV WRNWND NION, PITY DN KY N JOOOYW NPINY VPO SV TIMIND AN 7Y
DTPON NYN DMD? N2V DIPNYN DMDNY NNV WHYd NI ,NWNN 12>2910 NN NIAIIN
MO NPY .LINI NPNAN )M YOOLN MDY NPNIN N DXTPAND IPAM YOOLN NIWNN DN PN2Y
NN NN PINY DIIIY NN .MNIDIVIY APINIVPINT 01722 Y200 Y773 NIDIND 1392 MTOIYN
YA MIDIN) 1IN0 TIP NP2 DYMI DN NND,NONT NDX SW Q) NP2 100N NIYNY 75 NP

PN DY NYHINY (MDD Nowa

PIANSY TNNOD DY 7PN NDNN ,WNND DIMNYN NN DMK JOOON DY NIPAN NIIWN NN PNAD 1IN DY
NOP NYNVIYV X DY 13 NNDOWN OO0 DY NNNIND INNNY MIXNYH NN NN DDV DY NPT
NINAN NN I NIIYN DOIIWIN MNIDN DX IRND 1K TWRD DOYPA NOPNN NPON NN NIIY KD

971 NYA NN MATLAB/SIMULINK N3N DAtya 1m0301) NN WINS 13 MIXNWND NIIWND

YT 2200 TINYRI NIIYN PN 7PXDID0N 2P NODPY MIXRXIND .)OOVN DY MD¥N NIPA N1PNIAY
STYUNNA VY9 DAY NIPA ONIAP DY TN

NN DIVNADX DY AYNN MNXNYHD NN NPIVINNTPNNY NINMYN MTID SY NTNY 595 N TONN
M2N2 MY OIN N YT .OOVNINON DWINIAD DOYYNN YOOV MV NN NNVNY HONIY M DY
LDMIWMN SV MIN WINOWA TNNN DY) YOOV T2ID 157D MDVN HY IN TOWI YOOUN MYN



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

: DD 190N YNID NNY DNIN NPYA OY MTTIIND INNDY ONNINN PONN T INND

APAYY VOYH DY WX JOOVN DY NDX NDID NPT ,OMPPM MOWN NPPTI - PNYNRIY NDN
YNID I ND DT ANNY YIND MDD P2 OY MY DNDINNY PPN NNX NOVN PI D9 MONN
. TPPON DNYXN DY DMNON NDNN 1901 DDPIY MPrTa

NNONMY 9P22) VYV DDPI NN YOXON DY NDXO NYID NPT ,MOIWN NPT 59D MY MO
P25 VHYO DYHPD VYN 1PHNNA MOV NND HHD NT MO IONINXINNION 1PN DY AP TIY
972N 12 280) Stabilize 2302 YNIANN MOOVLNN MIWYN 2DV )T AN WNINN MOLNN NYRIN 2DV
P20 Y MAPN TIVN DX NNSN DT 29V (DIWHNN NIPIN NIIYH NITYA YOOUVN POX YY VY
DONINNNNINN

NIPAN NN PV, ,NIPA NOIWN DY OVNNON TNON P2 DWINIL DY TINN NN TIIND DINI TWUND
DYIVPI YOOV NPMINDT/NMIVINNIND DININN P2 DXON NN NINNND ,NYNNYN DX N OYYNN
DY PN VAPNNY OORIVINNINN PN IR DY OMIIYN YD MIRIY 1NN DOV
.112972 DMWY XY N NDMA WAPNNIY



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

01773y 197N

Ny

L e Nan .1
2 e YONNON YPI .2
e D10V YV NPT 2.1
e MONPTNNP NOWYH 2.1

B s M NN 2.1.2

B e vaNn M7 .2.1.3
Qoo DLW ONLYN - NYINNOINPI DY NVYY  .2.1.4
e MmN MHN 2.1
O, 499N 29 HY NOUP ANY NYNIND MNIYN  .2.2
e SO TP 2.3

G e 1OOLN MY NN’ .3
0. e Matlab/Simulink mysnxa nssomre .31

0 e, Srnn ma 3.2

0 e STn My nprta 3.3

11 e YT YN NIPA NN 3.4

L e MDD MW 3.5

LG e MNOND MY 3.6

14 10202 MYYNN NPAN NN YIn 4
1S e, MYYNN NYPAN NN 4.1

15 e, (Manaul Control) m noov  .4.1.1

15 e (Stabilize) momovn nVOY  .4.1.2

6. .o OYUYNN VYN NN 4.2
0., VLN NN WY 4.3



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

LT s NOM MWD .4.3.1

LT e, DTPN AoV .4.3.2

L8 e noMN  .4.3.3

L8 e NONN RN .4.3.4

L8 e nIpon  .4.3.5
19 MYaYs Noyn .5
19 915’0 .6
20, VPMN99N TYNNY M0 .7
21 e MNP vy .8
22 e o'naoy .9
22 e, SIMULINK 2 D292 RN msomeo - /N Nav)
28 e 191250 19INY PN MMINN - 72 NI

B e NNMYPM P25 TIPN NNIY MIIN - /) NID)
B e, OO0 MNHN — 77 NAD)



BEN GURION UNIVERSITY OF THE NEGEV ](z 2212 |12 -2 NV'0N1MIN

Mechanical Engineering Department

NN NOTN?Z npnnn

2°71°RY NIRYAY NRvwA

TMY MNNON AN 90N
P (A) TONN NN L(E) DDWN NN : MNYN DN MOV 21
(B) 911 N2 o
3 .0 TMYYN N A NYPNN TONT HY NINON 2.2
3 .0 51930 7T OV NN 2.3
3 Y 210200 MY DY B TN NIPYNN DN DY NN 2.4
4 12902 9N S¥ vOIND NIT 6 W NNOD 2.5
4 ADO0N HY NANND NIN TN NPYN NYIUN 2.6
5 DN DY NI NN NN NPV NYIVDN 2.9
5 ADOVN DY NNITRNN NOINTA NV NYIYN 2.8
6 00N DY DIDNDN DOVININTI NINIDN NNOD 2.9
9 .(9IN21P) o NYPNN TN DY PPN NIV OTPN DY NINWN 210
(DYTNIP) O NP TIN DY TPXPNND 1NN DTPN YW NNWUN o
10 970N YW NIPAN NIV — MNSN NINN YW DYPIva NNINT 3.1
NDD TIVINDY NIV DDV - HPYN MPY NN NIIWND NANN
10 2YNY MM ND*O 3.2
NDD TIVINDY MY DOV - HPWN MNPY 28D NOIYHNN NIANN
11 .N99YNY MM NOMO 3.3
11 2TIMN DY NIPIAN NN — INON NN DY D172 INDNT 3.4
NN 9NN .0 TIIOY PN DY NXITH NDIY DTINN NN NINN
12 SV DMV DY MNIY, DN TINDY NI NOIWNN MIANONN NN 3.5
LDMIONIVNNNI TP ONIP
MNP GNN .0 TIIOY TINT HY NXYITH NDIOD HTINN NOYHN NINN
12 SV DMV DY N1AY,(NDYON NN Z P82 NIIYHN MIAN»NN NN 3.6
LDMIONIVNNNI TP ONIP
PN GNN . DNTXY TNT DY NITTN NDMNID HTINN NIIYHN NIANN
13 SY DY DY NIAY , DN DNDY NMND NOIWNN MIAX»NN NN 3.9
LDMIRIVENNID P2 ONIP
13 PN 9NN . DN MR DY NYITH ND2DY STINN NN NIANN 3.8
T 5Y NAYPAN TN (O9WN YY) Ye 182 NOIWNN MPIN NN -

\




BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'0NINIX
Mechanical Engineering Department NN NOTN7 npnnn

DPYN MMV 28NI NINN NIIWNN TWNI Y1IP

14 VOV 7Y IN NYSINN 1O 02 NVIOYN .NVDWN NIIYN DY NNOD 4.1
P3N Y N

16 MVYNNYN N2 NIPI NOIWNN - IND NN Y DIPIDI NHNNRT 4.2

nINbay

Ty NNN 192V 490N
17 M0 DIV WY DDTPHN DXAIWN NN 4.1
18 MDM)N M5V NN NINNNDN NIV 4.2
18 5355 N3N 5.1
20 DN MM NTHY LPIT DITY ,VINY DWIN 7.1

VI



BEN GURION UNIVERSITY OF THE NEGEV 9 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department ( NN NOTN?Z npnnn

0°173°0 NRAWA

mTnd Mynun 11}~ 147
[m] .D9YN DY MONPTNNIPN NN X-1 PN X
AN PPIY YaNN E
[m] .O9YN HY MONPTNNIPN NOWNA Y- PN Y
290N PPIY WA E
[m] .D2WN HY MORPTNNIPN NIWNA Z-N Y 7
NINP YT 197 POV WaNN E
[ ADYON SY MONN MORPTNNIPN NIIYNA X-N DY X
AN PIY WaNNn A
[ ADYLN HY MO MORPTNNIPN NN Y-N DY %
2991 Y WA A
ADYLN SY MO MORPTNNIPN NIIYNA Y-N PN
[] Za
29NN NPIY WANN
[] .17 SY MOXPTNNIPA NN X-N DY Xz
[] NN HY MOXRPTNNIPI NN Y- PN Yz
[] 4NN HY MORPTNNIPN NN Z-1 PN Zg
m
[™/secl XB ¥ 7NN 100N NI 0]
m
[™/secl Y ¥ 7NN 10000 NN \Y
m
[™/secl ZB 1N TINY YDLA M w
[rad] XA Y9 222010 1D .)DOVN YV HNYIN M o
[rad] Ya %5 222010 212°0 J00N0 YW TIOYN M 0
[rad] Z.A 785 2201 10 )OOV YV 210200 M U}
[rad
| / sec] XB ¥ 2220 JOO0UN HY YLD MPNIN P
[rad
_ / sec] YB % 2020 300010 Sv TYYN MPIN Q
[rad
_ / sec] Zp ¥ 210 ,©VN HY 1IDION MPIN R
rad .
[ / sec] XB PN 220 YO0 SV PIPNT NYIND p

VI



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

[rad/ sec] YB 8 220 00N SW OIONT NNIND q
[rad/ sec] ZB 8 2520 JOOLN HY I NNIRN r
[rad] YOOLN HY NYPNN MM a
[rad] YOO SV THDIA NPINNN I B
[Nm] XB 7% 230 519 VIVN L
[Nm] YB 1% 2230 , 175y VDN M
[Nm] Zg % 2920 ;27020 VN N
[™/sec] DILNN HY MPINN ST \V
kg/m3] PIN YV May 0, Pair
[N] DIVNN DY NN NN MO L
[N] DYOVNN DY NN T NN MO D
[N] XB ¥2 MMM DY X
[N] Y5 9¥3 mnon oo Y
[N] ZB 72 mN1ON D1OO Z
[kg] 1OOLN Ypwn M
7251 MO G
X-1 PN 2530 NONN HY THNN VIV | -
Y-1 X 230 NONN YV 7NN VIMN Iyy
Z-1 >8 220 NONN YV THNN VIV I,,
[kg - m?] Z-1 X D189 D2 NONN YW THNN NY9N Ly, Ly
[kg - m?] Y-1 X ©85 02 nonn Hv THnn nHoom Ly » Iyx
[kg - m?] Y-1 Z ©7°%9 0122 NONN S 170N nHan lyz . lpy
[] NN TN N2Y YININVENNIN PN DY 12NN WP Koo » Kperevator
[] NNINDN N2Y IRIPINNION IPAN YW 130N WP Ko, Kp.iron
[Pa] MINDT NND
[m?] D»9)0 NLY S
[m] D»9)0 NVIN B
[] NN MO DTPN Cp
[ ] 970 MO DTPN Cp
[ ] YTND MDD DTPN Cy




BEN GURION UNIVERSITY OF THE NEGEV ](z

Mechanical Engineering Department

2212 [I"IA -2 NL'OMAIINX
NN NOTN7 npnnn

[ ] 9NN VIV OTPN G
[] TYIDYN VIV DTPN Cpy
[ ] 210201 VIV OTPN Cn




BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

Nan .l

NP2 NN POND NN VPN MDY DNMLIN V’IIID AYNN NP PNIONA POIY DN VPN
MIYN NNY NI DT VPNIT OINPN MPXA/NITY DI RID MUMLINX NN DIVY HIPY Td YO NY
APY OWYTY DMADD OXTOANY MNIN PMIOVNY ,NINI DIMNN (DT M) ONTHN N1y

TN NNYA 0T DY NIPIN ONDA NDIION

YV NONN DN 22N DOW NTNND NI IRIY XNIN TIT NN MNN MNIN 12Y0 MTTNN DINPOY
NYTI MNOPNY DINY 0MHITD DIXTOIND DIND T TIVN INT NVIN NMIND TN MY DMNHYI
NP WX DNPY MPNY 1PV [ IRIYAI DHTHN NMYID NTPHNN DX DT VPN PORIVIN
MANYN .NIIN22Y ONTN NIONN AN AN 50% -D DIIND MDD AT NYaA YN MIIIN
.DMPNA WK PYA TITY DTN ANMNRD DD DIRIPYI DIDITY DININNP DN D1NMYIN

T N NN 1IN NNKR GR TN 1IN JPONY INY MDY OPYN ,TIVNN NNIIND MVLIY 190N MNP
N DY P NPTN NYIND MNYI NODMH IONY MOLIY 190N DY NdYY PPnY idyan PNInad
NP0 NORM L, PPIPOT O, DONMN, TNIND/MNIND

SV DMMAND HY2 MMMOIN V210 NN INN DT VPNINI PNAD DI NRY DNTHN NMYIAY NN
9125 19972V PD0NHN MAWN NX VIONY VIOYIN DY DY NIYNN NN I INRIND ) ,0NT W
NP DX ON TITN INMY INKD 19V MDD ¥IND NPIVAN TIT 932 1010 YN

DNT Y HY NN JOOO NN PIND 1ONN INK DY, NP2 NNXY 1IN INY 0NN 2 1N V/IIHN NN
7182 DIVIV T YOXVN NN PINY I IOV HY MN’N AR PINY NIPAN INN DY, PVDN DI DY
YPON MY HY TIMKX NN NOIRWYN .ONT IV DY Q) 1OW NOOVN NNXL NPNN POIDND TPHMIVIN
TY NTIAYN NN NHY POV 191D IOV VPN NPNNL NIDP DR 1IDY MYN ND NRIPS VPMHIMN
Nk

M) DN OYITN NN VI ,DNOY NPT YII TN ,DIDIVH SV OWYN DN DY WIT 1N KD VPN
N2 TITN DX DIV VPMIAN .OPMIT DIVHN DY DI NMMIN NN ,ONNMYN NP DY VYWY
Y NN VPN DPDA NHRYN VIV NPNAA TN MDX N1NAA N )OO DY NIPAN NN NI
DXNNNY 1T NOIWN DY 12 1N ,WURIN DTN DIDDN INN APYN YSIN TUN THPYNN NIPA NN
oY NTNY 19N 519D NT VPMII TIY GON .JOOXVN NMA ANY 7Y MM YN JOOVY 12T HY 1NV
,DDV NDLNA MOINNT MPIN ,DNPIRPTIPNRD XY DY MM DTN ,DNINN NNMIND

NIP2 NN DN OY MTTHINNM C++ MIN DY NTNY 0PN DIPIAL SUYN VINOY) MPON
.DNOYON MNP DY 2DV VYN
Y 28N (Stabilize) 2>% MDYV 28N MNAY NIP2 NOIVN NON2 NNONDN VPAMIN ND TY NMNTPNN

NO?I DY TTINNNZ (DAX 7PNN IZY DNOIN MIMN) YPIPS DN OPVMLIN JPINI TRNND YTV JOOLN
NO0 28N NIPAN NIIWN NX NI VPMIAN TYNN .0-N NNV TPNONNN DNI) TPNT N NIMD
INIMOLIN



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

YONNIN Y9 .2

0900 YV NPT 2.1
DN 1OV TR NNIT NDOO JOI2 DNNNIND NNT DY TN ,09INDN DIOIVN DY JOP DTN NN YOV
NPYD MM NN TN ,0MND JOOVN N 25N YOOV DY SDIDIN MIANN DMWY NYNN SPIN
199) 20992 DNYNN DY VIV YR PINT VOV T DY DXVHYI 217D DNIDOV .INYTPN YNNI ,NNNND
DYDDANN DPYY DXNWN MNID 2 DX DMAIN YY MIN NI DY (V1) NN DY 1D
STYUNNA 2509 DYDY TN M NDPYN MO : DIDIVN

MONITNNP N9y .2.1.1
DIVNN YV I NN DIPTHIIN DMIVNIN YD VIDYY DY DI NN VPN DY NIVHNN PYND
YD T NMN YN Y THN-NIN DXPN NOIYNA WHNYND DX2»N NN 19D NDOVN NN Y510 anna

I S

=

(BY91n n59¥1m (A)Non>n No9unn ,(E)DNYN N2990 :MNYN DI MM - 2.1 N

(E) 8990 Y¥ MOXTNND NII¥N
NOLWYHRIN NN NN PIND Z P NIND NTI YW NOWNRN DX IR <X,Y> NN NN Y N NOWwnd
TPNYNNIN NNOHN NTIPY NONPNN NNT DY NN TPUNRY NIRD NTI 159 PP wasm)

(2.1 9901 NI MINID 1N XE,YE,ZE 'Y DNNPN 1T NN DY OIS .DIVNN INS MNNY

(A) 19501 YU MONN MONITINIPN NIIYN
NIPYRIY NN DTN TN, 099N NOIWN DY 110D DMNON DNIND DXPN NINT MOXDTNINIP NIIWND

PN MINID ) XA, YA, ZA 7y D8P N NOIWN DY 0PN (CG) DIVNHN DY T210N 19902 NINNND)
(2.1 99010

(B) 911 HY MONPTNNIPN NN
NN THY2 DN Z -0 X X-N Y JOO0N DY 72190 15702 NIYRT DIRT MONPTNINIP NN

WANN Z - P8, N0TP WA OOVN <) TIRD I X -1 PRY T2 100N S MIVRIDN NN



BEN GURION UNIVERSITY OF THE NEGEV Q 2211 [I"IA -2 NV'0NINIX
Mechanical Engineering Department NN NOTN7 npnnn

DYPN NN 19 DY OMA)ID DXAPNA YIANMY PIVNION NWINY THND Y-N PN .JOOUN NPNNND
VAN (B)-) (A) DN MOIYN 2 DTN NN XB,YB,ZB >’y DNXVN 1T NIIWN HY DPN NIV

PN MXIY 1N) .(CG) DIVNN DY TAON 1DIN NONY NAMYN R¥IND NTIPIY 1>201 1120 INNY
(2.1 7901

25 NON? NI NN .2.1.2

DXPNN NIIWNY DN JOOLN DY MNTPNNN PPI NN MIRNND DIMT PN y,0,0 nvin
1925 (XB) JOYVN NWN SY X -1 PY P 1M NITIN B TIoyn oMY 75 (XYZ), mHno8»Nn
OV Z 1PN P2 MO NI G DNIHN TN, 2.2 IPNX < XA, YAS YOOLUN DY OOMN YPOIND NN

X -1 Y P2 TN NITIN Y DIDON M, 2.3 IPN <XA,ZA> JOO0N SV Y0NT NINRNN Zg 1OO0N

. 2.89PN <XA,ZA> DIVNN DV DN NWNNN XB YOIV NN DY

.0 799591 YN A NDYPNN INT HY NNIN - 2.2 PN

®-Z reference plane

*-z symmetry plane

e s

— /o )
~_ / Side slip

B PN NPHNN TN HY NN — 2.4 N

» 9y — »
<@ 95N PN HY MO — 2.3 TN ¥ 1ID2DA 1M 8



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

VY0001 5 MPNNm 111 P2 191D NITIN o NOPNN NN 2 2.2 TP MIXIY TWaN
.< XB,YB> YDOVN YW QNN MWD

112 .V 01000 YY mMdnnn MOPN < XB,ZB> NN P NMND NITIN B T8N NPONNN MM
2.4 9PN PN NPNT NN

:¥oIn NIanT .2.1.3

INRNY T2 199) . 21220 NPT NAY 31 ,NYNN VN NIY 3 ,¥N NNIT 6 MNP ININI MYP 9N DD
NOWNY ONMN) DN YAHND NINIT NYY DY NIYP NI DRI PON DON»NND NN NN YOOLN NN
AUOND NNIT NN INND DN DY Q0N PN

:(2.5 9PN DXNNA DININD DXIVNIN) O1N YONN NINIT

Lateral axis vy XB ﬁ’x b)’ Tn-]’nn - u[m/S]
_ea #

Yg 8 9y mnn - v[M/g]

Longitudinal axis

L2
x _.-_7_7‘(_7_7

Zg V8 9y mynn - w[l/g]
Xg P¥ 120 1w mpmn - p[rad/g| e

Yg 9’8 2530 1mm M - g I'ad/S o

Vertical axis ZB PN A0 OO MV - T I‘ad/s °
aN93 9N YWY YOINA MY 6 DY NS - 2.5 N ) -

$AVYTY HINLWYN - NYNNN M DY "HVYYY .2.1.4
: (ELEVATOR) nan mn

DYDN ,NAND NINA NDOWN ,NYAP YOXON MPNN D NNINI
/’ Up INNINDY INNDIT PP AN NNV JOOON 2T DY DIND PNNRD
Pitch

elevator

. 910 DY M .NVY A5 AN DY NID INMN YIND NV PINN
d DM VINNN .NDNN DI TIT 12N Y 1N 220 VLINNY
1 NYOPNN I [2.6 IPNR] MOYY ONTPN PONN) JOOON GND

Down VM DY MMDD OYN AYTNN NOOPNN TP VT

force A0 DY

120N DY NANN NHIN NN MNPYN NYAVN - 2.6 N



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'0NINIX
Mechanical Engineering Department NN NOTN7 npnnn

:(RUDDER 77%) )12 N

APR) NN TN PPN NN YN JOOON AN Y DIMY PIN
Q 99197 M XN YINT NDYW PINKD IRIIND MPD DN MY (2.7
10NN D0 220 LIVIND I Y MO ,NINPY YOOON 2N DY
(2337 PR TION) NP> VLIVIAN NP DY YN YOOLN NI DN

LDYTNN MNION NI D D) DITID THTINN NPONNN IR

Right
fSSde = ~ rudder
orce

2N TN PN NPYN NYAVN - 2.7 N

1yor0Nn Yy
: (AILRON ) nninn
/—\ NIV MDY MO XY DI N9 HY DT IWN PIN
Roll NN NNYO 7o) PON DXNI9 NN NNYY 1M NMINNDD
More [t WIaNN MM MO 99 NINPY NDYA MO YW 19y

Less lift
anav Xg PN 220 NNV VIV NN 9N MNMOD2
a'll:foﬁ' Down IUND Y9 JOO0VN HNDID DM T VINIYY ) OOVN
I

“aleron  pynn mawn 9992) MLV X355 NN NNN P2
NINNIY GION NPIY DY YOOON YN ,NOYN 135D

YOOV N2 VNN TPNT DY VWV HNIHN ,NOYNY NHY

9N NN YN

120N DY MITNNN NN NPYN NYaYN - 2.8 9N

mMM3 nYNHN .2.1.5
NDY M2

DYININNIY ,ININD NPON NYNNA RXNIN JOOU DY DUNAN DN TIPNIND MMODN DI TO NIN NDY

7901 DIV, NTAID THINNN NN INT PV, YD YOOV IWINRNDN DINT XIN NDYN INYNN PO

212N NYNPNN NNON PONDI NN TR MDY MO SV INPPY 012010
1 2
ngpairv -S+C, [N] (1)

1
NN YOY (C) Nyn OTPM (S) 90N NLY (5 PairV?) MNDT NN9H 257 NDOYN N 1D IR

2.3 9ypa



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

29 N

DY, PNND ON> NYNND RYNIN JOOUN DY OION OPNPTIVPNNRD MMODN D TO NN 1)
NNDNA POHNDI NN ,DMNY DIV DTN NN DY DIDDN 2571 TN NN INYNN NYOD
212N NYAPHNN

D =3parV? S Cp[N] (2)

1
Y (Cp) 1N DTPN (S) 9150 LY PairV'2) MORDT NN9N 2071 N NDO¥N 2IWPNY NN N

s . 2.3 Pyoa NN
L‘:'{ Yaw <~ 5[ '—:9/3 , (iiil\/’ Drag
~ ]“;:;‘ ,“7‘- :5//
it _— Lo \tg) Pitch
‘/ )
Thrust :
§

Grauty

Yy DONAN DIVINMNNI MNIIN NNID - 2.9 1N
Jorvn

10901 MM
GATN PP JOOON MPNN DX NPRND TN DY YN 7Y PN NININD M N - (THRUST) 9n4v
PPN NOV P12 X PN DY 2PNN NPT XIT YDVN NNTPD N JOOON PN NOIYNI
NN NINWI T, MDD THIND TN NID 1DV NIV YNNN IXPHY GNTH NYIAP NPNIND
.M2AP OOV

DOYD D DIVN .THPIIT MPNN MNDIN DN NYX DI - Roll/Pitch/Yaw rate damping
2.3 PYDa NONX NMIND MND HY NININ .DNDIN 0N DMNX NPTORND NPYPNND THINNND NP2
. P92

NIYP GNT 999N 29 DY NYNNH MNNYN 2.2
DY NN .0 DY DYPNN NOIWNI NOYP G DY NYNN MINNND A9IN 79 NYNNN MNXNWN
VYA N MIVANND DX MRNYN T DOYIAP DXIRYI QNN DY DOYUNIN MININND OVINN NNT
POY DO DOVINIIN MMM IRIIND NN DY NPNDON MXINNI MNPINND DIWN NN

P
DXV NMIMID DPVIN MYYD MIWIN MY 1IN DY POND PIANY NN YR P

: DIONN YY DN DPRPTIPIND
OUP QN0 HMNND DIOHKN N e
DOIN TPIVID NN YW DILNY e

WYY 2201 YIND NTI 210N DNYND e



BEN GURION UNIVERSITY OF THE NEGEV ](z 2211 [I"IA -2 NV'ONINIX
Mechanical Engineering Department NN NOTN?Z npnnn

28 2520 NIND NTI DON DNYYNND e

[ Etkin B(1995), pp 98-101 ] 1902 2151 Yy Jnnona
S WAIND NINIT 6 N2Y MINNWNN 1OND

X —mgsin® = m(u + qw —rv) (3)

Y + mgcos0sinp = m(v + ru — pw) (4)

Z + mgcosBcosd = m(w + pv—qu) (5)
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drag, D =0SC, [N] (18)

lift, L=0SC, [N] (19

sideforce, Y =qSC, [N] (20)

rolling moment, L =gShC, [Nm] (21)
pitching moment, M =qScC_ [Nm] (22)
yawing moment, N=gShC, [Nm] (23)
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, = dCY n dCY n dCy i dCy +---=CY +CY~ +CY- +CY +... (26)
dﬂ d5r dﬂ dp B S B p
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C = + + + +
dg do, do, dp dr

r

C, =

C

t+..=C +C,_+C_+C, +C +.. (27)
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% Anafa Model Constants

Sref = 0.4239 ; % m2

Cref = 0.276 ; % m

Bref = 1.6 ; T m

Xref = 0.090 ; % m

Yref = 0. ; T m

Zref = 0. ; T m

Mass = 3. ; % kg

Ixx = 0.2056 ; Ixy = 0. ; Ixz = 0.0128 ; % kg.m2

Iyx = Ixy ; Iyy = 0.6922 ; Iyz = 0. ;

Izx = Ixz ; Izy = 1Iyz ; Izz = 0.8829 ;

alpha = [-180. -90. -20. -15. -10. -5. -2.
0. 2. 5. 10. 15. 20. 90. 180.
1i

Cztot = [ O. 10. 1.83971 1.33803 0.89792 0.43923
0.15765 -0.03103 -0.21952 -0.50012 -0.95531 -1.39657 -1.90741 -10.
0. 17

Cxtot = [ 0.03 0. 0.11010 0.20250 0.08632 0.00183
0.02297 -0.02856 -0.02535 -0.00407 0.07490 0.16029 0.02343 0.
0.03 17

Cmtot = [ O. 2. 0.26134 0.23660 0.15920 0.08326
0.04145 0.01543 -0.00897 -0.04226 -0.08799 -0.13020 -0.21646 -2.
0. 17

CzZg = [ -9.31663 -9.31663 -9.31663 -9.31663 -9.31663 -9.31663 -
9.31663 -9.31663 -9.31663 -9.31663 -9.31663 -9.31663 -9.31663 -9.31663
-9.31663 1;

Czele = [ -0.00931 -0.00931 -0.00931 -0.00931 -0.00931 -0.00931 -
0.00931 -0.00931 -0.00931 -0.00931 -0.00931 -0.00931 -0.00931 -0.00931
-0.00931 1;

CXg = [ 0. 0. -1.24312 -1.33445 -0.99714 -0.55777 -
0.29817 -0.12677 0.04336 0.29641 0.71342 0.76405 -0.04864 0.
0. 17

Cmg = [-11.40623 -11.40623 -11.40623 -11.40623 -11.40623 -11.40623 -
11.40623 -11.40623 -11.40623 -11.40623 -11.40623 -11.40623 -11.40623 -
11.40623 -11.40623 1;

Cmele = [ -0.02531 -0.02531 -0.02531 -0.02531 -0.02531 -0.02531 -
0.02531 -0.02531 -0.02531 -0.02531 -0.02531 -0.02531 -0.02531 -0.02531
-0.02531 ],
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Cyv = [ 0. 0. -0.57027
0.26639 -0.27090 -0.27605 -0.28494
0. 1;

cyp =1 0. 0. -0.32713
0.03192 0.004064 0.04127 0.09623
0. 1

Cyr = [ 0. 0. 0.11725
0.16899 0.17376 0.17831 0.18473
0. 1;

Cyrud = [ -0.00339 -0.00339 -0.00339
0.00339 -0.00339 -0.00339 -0.00339
-0.00339 71;

Clv = [ 0. 0. 0.20043
0.01407 -0.00573 -0.02550 -0.054098
0. 1

Clp = [ -0.50000 -0.50000 -0.50000
0.50000 -0.50000 -0.50000 -=0.50000
-0.50000 71;

Clr = [ 0. 0. -0.22825
0.00535 0.01849 0.04230 0.07797
0. 1

Clail = [ 0.00560 0.00560 0.00560
0.00560 0.00560 0.00560 0.00560
0.00560 7J;

Clrud = [ -0.00028 -0.00028 -0.00028
0.00028 -0.00028 -0.00028 =-=0.00028
-0.00028 71;

Cnv = [ 0. 0. 0.02745
0.06640 0.06977 0.07301 0.07760
0. 1

Cnp = [ 0. 0. 0.17911
0.02463 -0.00029 -0.02522 -0.06253
0. 1;

Cnr = [ 0. 0. -0.16816
0.10078 -0.10318 -0.10586 -0.11039
0. 1

Cnail = [ O. 0. 0.00081
0.00024 0.00025 0.00027 0.00029
0. 1;

Cnrud = [ O. 0. 0.00117
0.00158 0.00161 0.00104 0.00167
0. 1;

Eu 0 = [ O 0.0220729528 0 ];

V.0 = [27.6855 0 0.6112];
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-0.27342
0.30259

-0.26339
0.18751

0.13325
0.19429

-0.00339
0.00339

0.14276
0.10347

-0.50000
0.50000

-0.16075
0.13716

0.00560
0.00560

-0.00028
0.00028

0.04140
0.08455

0.17760
0.12431

-0.09685
0.11914

0.00021
0.00033

0.00130
0.00170

-0.25474
-0.37115

-0.17663
0.28134

0.14793
0.20226

-0.00339
-0.00339

0.09322
-0.14838

-0.50000
-0.50000

-0.10075
0.19664

0.00560
0.00560

-0.00028
-0.00028

0.05168
0.08827

0.12380
-0.17490

-0.09388
-0.13729

0.00017
0.00021

0.00143
0.00170

-0.26084 -
-0.73390 0.

-0.08654 -
0.39530 0.

0.16146
0.20836 0.

-0.00339 -
-0.00339 -0.00339

0.04382
-0.17754 0.

-0.50000 -
-0.50000 -0.50000
-0.04113 -
0.26340 0.
0.00560
0.00560 0.00560
-0.00028 -
-0.00028 -0.00028
0.06110
0.08328 0.
0.06197
-0.17310 0.
-0.09771 -
-0.22616 0.
0.00021
-0.00042 0.
0.00153
0.00167 0.
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e Free open source firmware comes in different versions that support planes ("ArduPlane"),
multicopters (quads, hex, oct, etc) and helicopters ("ArduCopter"), and ground rovers
("ArduRover")!

e Simple setup process and firmware loading via a point-and-click utility. No programming required!
(But if you do want to fiddle with the code, you can with the easiest embedded programming
toolkit available: Arduino)

o Full mission scripting with point-and-click desktop utilities
e Can support hundreds of 3D waypoints
e Two-way telemetry and in-flight command using the powerful MAVLink protocol

e Choice of free Ground Stations, including the APM Mission Planner and state-of-the-art HK GCS,
which includes mission planning, in-air parameter setting, on-board video display, voice
synthesis, and full datalogging with replay.

e Cross-platform. Supports Windows, Mac and Linux. Use the graphical Mission Planner setup
utility in Windows (works under Parallels on a Mac) or use a command-line interface on any other
operating system. Ground stations are available for all three operating systems. Based on the
Arduino programming environment, which is also fully cross-platform.

¢ Autonomous takeoff, landing and special action commands such as video and camera controls
e Supports full "hardware-in-the-loop" simulation with Xplane and Flight Gear
¢ Include relay can trigger any device, can be controlled by mission scripts.
e Hardware includes the following:
o 3-axis gyros
3-axis accelerometers
Barometric pressure sensor for altitude
10Hz GPS module
Voltage sensors for battery status

4Mb of onboard datalogging memory. Missions are automatically datalogged and can be
exported to KML

o Built-in hardware failsafe processor, can return-to-launch on radio loss.

o O O O O
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PPM Encoder PPM Encoder
SPUISP port Status LED PPM Encoder/Fail Safe
1 ATMega1280
SPI/ISP port
:_)C O=O= 0000
®0]0 3 00000000 oNe g
© oJle 4 O O @
(o) (o — ©
_ NOIO (G 3
Main 4 Inputs PSR ~, e
_—’ OO £
J(e)(e ®
elle 3
"Hard" wired _ \.o‘o -
Multiplexed o)(e G
channels (o) (o ®
:o.o I 0.0
o) (o) 1E O
Main 4 Outputs ) O10)|° O3
—— R A OO0
Multiplexor
Autopilot

e Designed to be used with autonomous aircraft, quadcopters and helis
e Based on a 16MHz Atmegal280 processor.

e Built-in hardware failsafe that uses a separate circuit (multiplexer chip and ATMega328
processor) to transfer control from the RC system to the autopilot and back again.

¢ Includes ability to reboot the main processor in mid-flight
e Dual-processor design with 32 MIPS of onboard power

e Supports 3D waypoints and mission commands (limited only by memory--approximately 600-700
waypoints with current code, but can be adapted for more)

e 128k Flash Program Memory, 8K SRAM, 4K EEPROM
e Comes with a 6-pin GPS connector (EM406 style).

e Has 16 spare analog inputs (with ADC on each) and 40 digital input/outputs to add additional
sSensors

e Four dedicated serial ports for two-way telemetry (using optional XBee modules) and expansion
e Can be powered by either the RC receiver or a separate battery

e Hardware-driven servo control, which means less processor overhead, tighter response and no
jitters

Eight RC channels (including the autopilot on/off channel) can be processed by the autopilot.
LEDs for power, failsafe status, autopilot status
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Z Gyro
FTDI chip for native USB support Pressure sensor

(atititude)

Relay for camera,
object drops, other
triggered events

1 Ll ™
Ll
v o) |, 12C Traxia
[“cu]'. _ "

~~~~~~

One slider switch, XY Gyros 12-bitADC

4 DIP switches 3-Axis

Accelerometers

IMU SHIELD

e Dual 3.3V Regulator!!! (One dedicated for analog sensors!)
e Relay switch for cameras, lights or payloads

e 12-bit ADC for better Gyro/Accel/AirSpeed resolution.

e Built-in 16MB Data Logger (The Black Box).

e Piano DIP switch for servo reverse or user customizable.

e Built-in FTDI, making the board native USB.

e Dedicated Modem/OSD port.

Dual 3.3v
voltage regulator

npal Dw'N ni?

Expansion ports
for additional
analog sensors

16MB datalogging
flash memory

«
R

-

‘gl _J/%l :

e |2C Port with incoming "Daisy Chain board" allowing you to build sensor arrays.

e Two user-programmable buttons (one momentary, the other slide).
e 10-Bit analog expansion ports.

e Reset button.

e Optional "Through Hole" voltage dividers (Easy to solder).

e Tons of Status LEDs.

e New vibration resistance Invensense Gyros (Triple Axis).

e Analog Devices ADX330 Accelerometer.

e Airspeed sensor port (optional, sold separately).

e Absolute Bosch pressure sensor and temp for accurate altitude (Yes, you can use your shield as

a Weather Logger, too!).
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RC Receiver

O'XINOoNI V7PN X 1ZaN 11A'NYT7 ANdO

Version 1.4 and above

Xbee / DataR.
IMU Shield
(“Ollpan") Alr Speod Sensor
Magnetometer
ArduPlilot
Mega
GPS M

Notes:
1: Yaw/Rudder channel only used when ailerons are configured for Roll Control
2: Elevons require elevon mixing selected on Ollpan switch #4
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(24 APM Planner 1.0.96 By Michael Oborne

e

Aol il Sl o W ==1{ 9
VY 'v o 4 = | I E
Flight Data |Flight Planner Terminal Help.

‘i‘ -

| B,

ArduPlane duCopte b4 Quad

APM Setup (Plane and Quad)

ArduPlane

N

Connect

v Ccom4 ~ 57600 3

-
C' APM Planner 1.0.96 By Michael Oborne

T —
ARSP2PTCH_ o
T ——

BATT_CAPACITY

T T e

‘Compare Params Refresh Params
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